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Soil testing in the Czech Republic substantially changed in 1991 when a set of traditional individual extractants (Egner P, Schachtschabel K, Schachtschabel Mg) that had been used for 30 years was abandoned and a new system using a multielement universal soil extractant (Jones 1990) started to be used. At first, it was Mehlich 2 extractant (Mehlich 1978) and several years later the system was slightly modified by using Mehlich 3 extractant (Mehlich 1984, Zbíral and Němec 2000) . These changes of the soil testing scheme opened the way for an effective adoption of inductively coupled plasma optical emission spectroscopy (ICP-OES) which is a fast multielement technique with a wide linear concentration range and an adequate sensitivity for all elements from micronutrients to macronutrients extracted by Mehlich 3 (Zbíral 2000) . Nowadays, the ICP-OES instruments are commonly used in soil testing laboratories and therefore these laboratories can take full advantage of the multielement potential of Mehlich 3 extractant.
Mehlich 3 is a suitable method for a largescale soil testing, where high sample throughput is demanded. This extractant has been used in Central Institute for Supervising and Testing in Agriculture laboratories for more than 20 years for the determination of phosphorus (P), potassium (K), magnesium (Mg) and calcium (Ca). The determination of available soil micronutrients (zinc, copper, iron, manganese and boron) in this extractant has started recently (Zbíral 2016a) . ICP-OES can also simultaneously determine sulphur (S) in Mehlich 3 extracts but the determination of S was not included in the soil testing scheme because there was more than adequate input of this element from the coal burning power plants and no S deficiencies were anticipated. The political consequences after 1989 resulted in clean air acts and desulphurization of the emissions, all of which led to a decrease of atmospheric S depositions (Haneklaus et al. 2002) . SO 2 emissions in the Czech Republic (CR) were reduced by more than 90% from 1990 to 2006. The European Environment Agency reported a decrease of 74% between 1990 and 2011 for EU member states (EEA 2015) . This situation can only be welcomed but there is one drawback -S is becoming a nutrient that should be taken into account, mainly from the point of view of S fertilizing. The problem is even more critical because the area of crops with high S demand (especially oilseed rape) has risen. Haneklaus et al. (2002) reported that during the 1990's macroscopic S deficiency became the most widespread nutrient disorder in the northern Europe. Sources of soil S, its transformation, mobilization and immobilization, retention and movement, is a very complex issue discussed in detail e.g. by Edwards (1998) , Haneklaus et al. (2002) , Mitchell and Alewell (2008) , Scherer (2009) . One very important fact is that a shortage of the S supply also lowers the utilization of nitrogen (N) and results in a deterioration of crop quality (Carciochi et al. 2017) . Haneklaus et al. (2002) reported that on average each kg of S shortage causes 15 kg of N to be lost in the environment.
There were several studies focused on the choice of the most suitable extractant for plant available sulphur. Matula (1999) compared several multinutrient soil tests (Mehlich 2, Mehlich 3, KVK-UF, 0.01 mol/L CaCl 2 , 1:5 water extract and saturated soil paste resin capsule extraction) and its suitability for S bioavailability in short-term (21 days) vegetative trials. He did not find a relationship between the S content in Mehlich 2, Mehlich 3 and 0.01 mol/L CaCl 2 and S in the dry matter of shoots, which can be attributed probably to the short term of the trials dealing only with the immediately available sulphur. Esmel et al. (2010) reported no predictability for Mehlich 3, water and 0.025 mol/L KCl extraction for tomato plant tissue. Rao and Sharma (1997) compared Mehlich 3 and four other extractants (monocalcium phosphate, monocalcium phosphate + acetic acid, Morgan reagent and calcium chloride). They found that Mehlich 3 -extractable S correlated with the results of other extractants but only Mehlich 3 significantly correlated with S uptake by tea crops. Ostatek-Boczynski and Lee-Steere (2012) studied the possibility of using Mehlich 3 also for determination of S and other nutrients and micronutrients. They found a very good correlation with the calcium phosphate extractant and concluded that Mehlich 3 extractant is a suitable diagnostic tool to assess nutrient status of soils in sugarcane growing areas. The relationships between several extraction methods (water extraction, Mehlich 3 and aqua regia) were studied on 147 soil samples collected from basal soil monitoring plots (BSMS) (Zbíral 1999) . In comparison with water extracts, Mehlich 3 extracted 1.26 times higher and aqua regia 20 times higher S amounts. A statistically highly significant linear relationship was found between water extraction and Mehlich 3 extraction (R 2 = 0.62). Kowalenko et al. (2014) studied in detail five extractants including Mehlich 3 for different soils and different sampling depths. The authors emphasized the influence of the subsurface S for some soils.
The main goal of our study was to evaluate the possibility of Mehlich 3 extractant for determination of S status in agriculture soils. The second goal was to assess the long-term changes in soil S content before and after the decline of S aerial deposition using the Mehlich 3 method.
MATERIAL AND METHODS
Soil samples were obtained from three different sources: basal soil monitoring system (sampling years 1995 and 2013), long-term field trials (sampling 1981 and 2017) and samples taken from the regular soil testing (2010 sampling campaign). All soil samples were air-dried and a fraction under 2 mm diameter was used for analysis. All samples were analysed under the same analytical conditions in one laboratory to minimize differences from the analytical measurements. Chemicals were of analytical purity grade. Sulphur in Mehlich 3 soil extract was determined simultaneously with the other elements using ICP-OES Spectroblue (Spectro GmbH., Kleve, Germany) by the method 30074.1 (Zbíral 2016b ) at the emission line 182.034 nm.
The first estimate of the criteria (Table 1 ) was used to evaluate the results according to their dis- Vol. 64, 2018, No. 6: 255-259 Plant Soil Environ. tribution into five concentration categories. The criteria given here are only a working proposal. Calculations of descriptive statistics and frequency analyses were performed in Excel 2016 (Microsoft, Redmond, USA). NCSS Statistical Software (NCSS, LLC, Kaysville, USA) was used for determination of the significance of differences between the observed periods by Kruskal-Wallis' one-way ANOVA. Testing of the significance of the differences between the selected factors was done using a two-way ANOVA, general linear model (GLM).
RESULTS AND DISCUSSION
Case 1 -Basal soil monitoring system. Samples were collected from the monitoring plots defined as rectangles of 25 × 40 m. 139 topsoil samples from arable land sampled in 1995 and repeatedly in 2013 were analysed.
The network of the monitoring plots in BSMS was described by Sáňka et al. (1998) . Selection of the monitoring plots respected the scale and ratio of soil types occurring in the CR. The BSMS plots were treated according to the landowners' needs and therefore the results from this system give a relatively good estimate of the status and changes on the agricultural land in the CR. The comparison of the distribution of the results into the individual categories in 1995 and 2013 is given in Figure 1 . It can be seen that in 1995 about 22% samples were in very low and low categories but in 2013 the percentage in these categories rose nearly to 70% and the average decrease of available S was from 26 mg/kg in 1995 to 17 mg/kg in 2013. ANOVA (general linear model) clearly showed that time was the main source of statistically highly significant difference between the two sample sets (P ≤ 0.000002). Control -zero treatment; FYM -farmyard manure only; N1P1K1 -nitrogen (N), phosphorus (P), potassium (K) low (level 1); N2P2K2 -N, P, K medium (level 2); N3P3K3 -N, P, K high (level 3) (level 2); and high (level 3). Each of the five treatments had six replications. One part of nitrogen applied in spring was in the form of ammonium sulphate. Detailed description of the long-term trials is given in Klement et al. (2012) . The differences between the sampling years were statistically highly significant for the control and FYM application (P ≤ 0.000001). For the remaining combinations with a regular ammonium sulphate application, the differences were not statistically significant but it can be estimated from Table 2 that for level 1, fertilization of the S content is decreasing, for level 2 fertilization S is in balance and for level 3 the content of Mehlich 3 -extractable S is increasing. The contents of S in the control and FYM were only 8 mg/kg in 2017 -it was about 25% of the S contents in 1981. The biggest differences in Mehlich 3 extractable S for control were observed in Chrastava (from 73 to 9 mg/kg) and in Žatec (from 42 to 6 mg/kg) ( Table 3) . These experimental sites are located in the vicinity of several coal burning power plants in the CR and in the former German Democratic Republic where there were enormous aerial depositions of S in the past.
The statistical analysis (one-way ANOVA) showed a statistically very significant difference between the tested periods in a single-factor model (P ≤ 0.00001). Two-way ANOVA GLM confirmed that time was the main source of statistically very significant differences (P ≤ 0.000002). Our results confirm the results of Balík et al. (2009) from the detailed study of the changes of S fractions for the soil samples from the same experimental sites between the years 1981 and 2007. The authors reported a decrease for all studied S fractions for the control and FYM. Changes of different soil sulphur forms under different fertilizing systems (Kulhánek et al. 2016 ) also showed that the biggest decrease was in the control treatment. From the results of both publications mentioned in this paragraph it is clear that the results estimated using the Mehlich 3 method follow the results of commonly used analytical methods used mainly for estimating of mineral S in soil.
Case 3 -Comparison of areas with different sulphur losses. Mehlich 3 extractable sulphur was determined in 720 soil samples representing all areas of the Czech Republic (set A) and in 1167 soil samples from the areas with sandy soils vulnerable to higher losses of this element (set B). Samples originated from the regular soil testing in 2010 sampling campaign. The results were evaluated according to the criteria in Table 1 and the frequency of the contents for the individual concentration levels is presented in Figure 2 . For sample set B, 52% of samples had very low and 37% low level of Mehlich 3 extractable S. On the contrary for sample set A, it was only 3% and 36% of soils in these categories. The median for sample set A was 23 mg/kg and for sample set B only 9.8 mg/kg of Mehlich 3 extractable S.
From the presented cases it can be concluded that Mehlich 3 extractant proved its capability to reveal long-term changes in soil S content caused by the changes in aerial depositions and to determine areas vulnerable to S losses. Although Mehlich 3 extractant was not always reported to be the best choice in comparison with the other extractants (Matula 1999 , Esmel 2010 , Ketterings et al. 2011 ) the results of our study clearly proved that Mehlich 3 extractant can be a valuable source of information about the S status in agricultural soils. But for a reliable fertilizer recommendation it is necessary to have also some information about subsoil S, local aerial deposition and possible access of plant roots to rich S groundwater or capillary ascending water (Haneklaus et al. 2002) , as well as the data about relationships between Mehlich 3 results and S content in plants and its uptake. The first estimate of criteria for evaluation of the Mehlich 3 extractable S presented and used in this study can be taken only as a working draft and further adjustment for individual crops and for different soil and climatic conditions is necessary.
